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Introduction
In Finland, barley is the most cultivated cereal grain. It is mainly used as animal feed and for malt, but barley is also the raw material for industrial starch and ethanol production. The starch content in the mature barley grain is normally 52-60%. Growth temperature and conditions have been reported to affect the amount, chemical composition, granule size and physical properties of starch in different cereal crops (Asaoka et al., 1984 (Asaoka et al., , 1985a (Asaoka et al., , 1985b (Asaoka et al., , 1986 (Asaoka et al., , 1991 MacLeod & Duffus, 1988a , 1988b Shi et al., 1994; Tester et al., 1991 Tester et al., , 1995 . Tester et al. (1991) reported that a high ambient temperature reduced starch accumulation in barley, that A-and B-granules were smaller and that there were fewer B-granules. They also observed that lipid content of starches was much higher at higher growth temperature. High growth temperatures (25°C and 40°C) also reduced starch yield in wheat as compared to lower temperature (15°C), and the average starch granule size decreased with increasing temperature (Shi et al., 1994) . MacLeod & Duffus (1988a , 1988b found that decreases in barley grain dry matter at elevated temperatures were due to a reduction in both the volume available for starch accumulation and the number, rather than size, of starch granules. Elevated temperatures affected the numbers in both the Α-granule and the smaller Bgranule populations. The deposition of starch within endosperm amyloplasts commences within a few days of fertilization. The primarily linear oc-(l, 4)-D-glucan amylose is synthesized by the granule-bound starch synthases. The linear a-(l, 4)-D-glucan portion of amylopectin is synthesized by the soluble starch synthases and then branched by branching enzymes in a transferase reaction. The ADP-glucose substrate for the starch synthases is produced by ADP-glucose pyrophosphorylase, from glucose-1-phosphate, itself ultimately derived from sucrose translocated to the developing grain (Keeling et al., 1993) . Elevated temperatures reduce the conversion of sucrose to starch in the endosperm (Savin et al., 1997) . Jenner (1991) showed that the cleavage of sucrose by sucrose synthase is reduced. Furthermore, soluble starch synthase has been shown to be sensitive to elevated temperatures (Hawker & Jenner, 1993; Keeling et al., 1988) . Table 2 . Gelatinization properties and rétrogradation enthalpies (after storage at +4°C for 7 days) of starches from "Kustaa" and " Kymppi" barley (1987 and 1991) Starch sample A higher ambient temperature (30°C) decreased the amylose content in endosperm starches of Japanese rice cultivars as compared to those grown at 25°C (Asaoka et al., 1984 (Asaoka et al., , 1985a (Asaoka et al., , 1985b . The results suggested that the fine structure of amylopectin was also affected by ambient temperature. A higher growth temperature was associated with a higher proportion of long Β chains of amylopectin, and with fewer of the short Β chains and slightly fewer of the A chains.
Waxy and non-waxy starches from rice plants grown at 30°C had higher onset (T o ) and conclusion (T c ) temperatures, and also a greater heat of gelatinization (ΔΗ) than those grown at 25°C (Asaoka et al., 1984 (Asaoka et al., , 1985b . The gelatinization temperatures of barley starch also increased with increasing growth temperature (MacLeod & Duffus, 1988a , 1988b Tester et al., 1991) . It was assumed that higher gelatinization temperatures were due to greater perfection of crystallites (Tester et al., 1991) .
In most of the studies where growth temperature has been examined for its effect on starch biosynthesis, superoptimal conditions were established. Here, we have compared the effect of suboptimal to normal growth temperatures on the properties of starch granules in two field-grown Finnish barley cultivars.
Experiment

Growth conditions and grain harvest
Two-rowed malting barleys ("Kustaa" and "Kymppi") were field-grown in Hahkiala in 1987 and 1991. The summer of 1987 in Finland was cold, and the sum of an effective growing temperature was only 994 dd (base temperature 5°C) in the period of April 28th to October 19th. As compared with the long-term average, the summer was also 1.5-2 times more rainy (Aikasalo, 1989) . In 1991, the sum of the effective temperature was 1173 dd (April 30th to October 31st).
Starch isolation
Starch was isolated using the method of MacDonald & Stark (1988) with minor modifications. Barley grains were milled with KT-mill (Koneteollisuus Ltd., Finland) and suspended in 0.02 M HC1. A fibre fraction and the brown protein-starch layer were treated with protease (Sigma XIV no. 5147) to release the starch. Starch was purified with toluene-sodium chloride (7 vol:l vol) solution. Granules were separated into small and large granule fractions by repeated sedimentation in water (Decker & Höller, 1962) .
Chemical analyses
Apparent and true amylose content was determined colorimetrically (Morrison & Laignelet, 1983) . The phospholipid content was determined by measuring the phosphorus content by the method of Morrison (1964) and using a conversion factor of 16.5 (Tester & Morrison, 1990a) . Starch content was determined enzymatically, essentially by the method of Karkalas (1985) .
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Measurement of starch granule dimensions
The granule size distribution was measured with a 256-channel Coulter Multisizer II. The counter was fitted with a 100-μηι aperture tube and calibrated with standard latex particles. Starch samples were suspended in 2% NaCl solution and pre-treated with sonication (30 s). Number-average diameters and the weight average granule diameters for starches were calculated using the formula described by Schoch & Maywald (1956) .
Functional properties
Swelling factors and solubilities at 85°C were determined using the modified method of Leach et al. (1959) . The starch samples (100 mg±0.1 mg) were weighed in screw-capped test tubes, 5 ml distilled water was added and the tubes were closed and mixed well using a Vortex mixer. The tubes were incubated at 85°C for 30 min and occasionally stirred manually. Then they were cooled rapidly to room temperature and centrifuged at 15 000 rpm for 15 min. The phases were separated immediately after centrifugation, and the solubilized starch was determined as total carbohydrates (Dubois et al., 1956 ) with glucose as the standard. Gelatinization and rétrogradation properties of starches were measured with DSC (Mettler TA 4000 system with a DSC 30 cell). Samples were prepared by weighing 5 mg of starch in a standard aluminium pan, adding 15 μΐ water and mixing with a needle. Pans were hermetically sealed after a 50% moisture level was reached through evaporation of excess water from the mixture at room temperature. The samples were heated from 10-100°C (heating rate 10°C/min). A pan with A1 2 O 3 was used as reference. The extent of rétrograda-tion was examined by reheating the pans after 7 days of storage at +4°C. Transition enthalpies (AHJ/g dw) were calculated from the area under the curve. Each sample was run in triplicate; the standard deviations were ±0.2°C for T p and ±0.5 J/g for ΔΗ.
Preheated starch samples were prepared by mixing 100 mg of starch and 1.33 g water in test tubes. The tubes were then incubated in a water bath for 3 h so that the temperature of the starch dispersion was either 50°C or 55°C. Starch was separated by centrifugation (15 000 rpm/10 min).
Enzymatic hydrolysis of the preheated starch granules was performed at 30°C, as described by Lauro et al. (1993) , using Bacillus licheniformis a-amylase (Sigma type XII A, A-3403). Total carbohydrates of hydrolysis supernatants were assayed with the phenolsulphuric acid method using glucose as a standard (Dubois et al., 1956) .
Results and discussion
The chemical composition of the isolated starches for both cultivars from 1987 (cold) and 1991 (normal) is shown in Table 1 . The apparent and total amylose content of the 1991 starches was slightly higher than that of 1987 starches. The starch lipid content was higher in both cultivars from the warmer 1991 growth conditions than from 1987. Tester et al. (1991) noted that lipid content was almost twice as high in starches grown at 20°C as in those grown at 10°C. Very little is known about the deposition of lipid or its regulation during starch biosynthesis in cereals. The average granule size was little affected by the varying growth conditions, but differences between the cultivars were observed (Table 1) . In "Kustaa" starch, there were more small B-granules (16% by volume) than in "Kymppi" starch (about 12% by volume), and the average diameter of starch granules was smaller in "Kustaa" than in "Kymppi" (Table  1) . MacLeod & Duffus (1988b) showed a reduction in granule size at higher ambient temperatures because of reduction of starch synthesis; UDP sucrose synthase activity was especially reduced. Our results showed only a small difference in the average size of both the A-and B-granules between the two different growth conditions.
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The gelatinization temperatures of the starches as measured by DSC with onset (T o ), peak (T p ) and conclusion (T c ) temperatures were 4°C higher in 1991 than in 1987 in both cultivars (Table 2 ). Higher gelatinization onset (Shi et al., 1994) , peak and conclusion temperatures (Tester et al., 1991) have also been reported earlier for wheat and barley starch at increased growth temperatures. Tester et al. (1991) suggested that the higher values of T p were due to a greater degree of perfection of the granule crystallites. The gelatinization enthalpy also tended to increase with warmer growth conditions. Tester et al. (1991) also noted this, but when calculating on the basis of AP content, they obtained similar sets of values under different growth conditions, and assumed that Kustaa -91 Kymppi -87 Kymppi -91 Fig. 1 . Enzymatic accessibility of " Kustaa" and "Kymppi" 1987 and 1991 starches after 3 h preheating at 50°C and 55°C.
the crystallinity of starch AP fractions was similar at each growth temperature. The gelatinization properties of both small and large granules separated from "Kustaa" starch were affected by growth conditions (Table 3 ). The gelatinization onset, peak, and conclusion temperatures of both small and large granules were higher in normal-summer starches than in cold-summer starches. Irrespective of growth conditions, the gelatinization temperature of small granules was 2°C higher than of large granules.
Rétrogradation enthalpies were somewhat larger for the 1991 starches than for the 1987 starches (Table 2) , although the lipid content was higher for the 1991 starches. The presence of lipids has been reported to reduce the rétrogradation rate in oat starch (Gudmunsson & Eliasson, 1989; Eliasson & Larsson, 1993) . The difference in rétrogradation rate should therefore be explainable by differences in the amylopectin.
The swelling factor and solubility of 1987 starches were somewhat larger than in 1991 starches (Table 4) . Swelling above T p and T c is evidently a property of AP, AM acting as a diluent of AP and lipids in the normal starches inhibiting swelling (Morrison et al. 1993; Tester & Morrison, 1990a , 1990b , 1992 Tester et al., 1991) . Thus, the slightly higher amylose and lipid content of the 1991 starches might explain their lower swelling factors. This is in agreement with the results of Shi et al. (1994) , who noted that wheat kernels grown at elevated temperatures had reduced solubility and swelling power. Cv. "Kymppi" starch granules (1987 and 1991) had higher solubility than cv. "Kustaa" granules (Table 4) . "Kustaa" starch contained more small granules by volume, which might have decreased the solubility properties.
Heating of the starches in excess water caused partial gelatinization at 50°C and complete gelatinization at 55°C. The amount of residual starch measured by DSC was greater for 1991 starches than for 1987 starches (Table 5 ). This might be due to a more stable amylopectin structure in the 1991 starch granules than in the 1987 starches, oe-amylase treatment of starch granules after 3 h preheating at 50°C and 55°C showed that the 1987 starches were
The effect of growth temperature on gelatinization properties of barley starch more easily hydrolysed than 1991 starches (Fig. 1) . The increase in enzymatic accessibility of the 1987 starches might be explained by a reduced order or crystallinity in the starch.
Conclusion
In addition to genetic variation in different barley cultivars, field growth conditions influence the properties of starch. The starch from a very cold summer (the sum of an effective growing temperature was 994 dd) was clearly different from that of a more normal summer (with 1173 dd). Taking into account previous results for barley, wheat and rice, normal or superoptimal growth temperatures are associated with a higher starch lipid content, higher gelatinization temperatures and a greater extent of rétrogradation for the gelatinized starch. Superoptimal growth temperatures simultaneously reduce soluble starch synthase activity, and consequently reduce starch granule size and number. Granule size and number were not affected under the suboptimal conditions we investigated, and the literature contains no report that low growth temperatures differentially affect the soluble starch synthases. Hence the effect of lower growth temperatures on starch gelatinization and rétrogradation through changes in amylopectin structure cannot be attributed to effects on its biosynthetic enzymes.
